ABSTRACT A new gall-inducing species of the inquiline tribe Synergini (Hymenoptera: Cynipidae), Synergus itoensis Abe, Ide & Wachi, sp. nov., from Japan is described. The morphological features of the adult clearly indicate that this new species is assigned to the genus Synergus Hartig, 1840, and members of Synergini have all been known as inquilines to date. Field observation showed that adult emergence of this gall wasp from acorns of the evergreen oak, Quercus (Cyclobalanopsis) glauca Thunberg, on the ground is well synchronized with the rapid growth period of fresh acorns in late summer. A rearing experiment demonstrated gall induction by S. itoensis in the seed coat of the acorn of Q. (C.) glauca under Þeld conditions. Moreover, the occurrence of arrhenotoky in this gall wasp and lack of a signiÞcant effect of gall induction on acorn size were indicated. Judging from the inconsistency of biological and morphological features in S. itoensis, gall-inducing ability might have been regained within Synergini. The advantages and disadvantages of gall induction in acorns are discussed.
The cynipid gall wasps described to date include Ϸ1,300 species worldwide and are divided into two main trophic groups: the gall inducers and the inquilines (Ronquist 1999 , Stone et al. 2002 , Csó ka et al. 2005 , Abe et al. 2007 , Liljeblad et al. 2008 . The inquilines cannot induce galls, but each inquiline larva develops in its own larval chamber within the galls induced by other insects, primarily cynipids (Wiebes-Rijks and Shorthouse 1992, Ronquist 1994) . The monophyly of cynipid inquilines was supported by a phylogenetic analysis of representative species of cynipid gall inducers and inquilines based on adult morphological characters (Ronquist 1994) . Although the combined analyses of cynipid relationship, based on morphological and molecular data, might not suggest a monophyly of the inquilines, extant oak cynipid inquilines are considered to be successful descendants of ancestral lineages derived from the gall-inducing Aylacini assemblage (Nylander et al. 2004 , van Noort et al. 2007 .
The cynipid inquilines, tribe Synergini, consist of nine genera (Melika et al. 2005, Nieves-Aldrey and Medianero 2010) , and six of them (Synergus Hartig, 1840; Synophrus Hartig, 1843; Ceroptres Hartig, 1840; Saphonecrus Dalla Torre et Kieffer, 1910; Ufo Melika et Pujade-Villar, 2005 ; and Agastoroxenia Nieves-Aldrey et Medianero, 2010) are oak cynipid inquilines. Here, we describe a new gall wasp species of the genus Synergus, but it induces galls in the acorn of an evergreen oak, Quercus (Cyclobalanopsis) glauca Thunberg. The synchronization in phenology between the new gall wasp species and its host plant species, as well as the gall-inducing ability of this new gall wasp species were examined by Y.A. under Þeld conditions. The inconsistent implications from biology and morphology in this new gall wasp species are discussed, as are the possible advantages and disadvantages of gall induction in acorns.
Materials and Methods
Phenology. To clarify the synchronization in phenology between the new gall wasp species and its host plant species, adult emergence of the gall wasp and the development of acorns in three experimental trees (trees 1Ð3) of the host plant Q. (C.) glauca were examined by Y.A. in Shimogamo, Kyoto, Japan, in 1999. Tree 1 was located Ϸ250 m north of tree 2 and tree 3 was Ϸ50 m south of tree 2.
One hundred acorns of tree 1 were collected from its base in December 1998 when all the acorns had fallen to the ground. The acorns were placed on moistened cotton in a plastic ventilated cage (8,000 cm 3 ) in shade under Þeld conditions until November 1999. Adult wasp emergence from these acorns was recorded every few days.
In 1999, 11Ð31 acorns were randomly collected from each of the three experimental trees (2Ð5 m above the ground) on 1 and 15 May; 5 and 21 June; 3, 22, and 31 July; 14 and 31 August; 11 and 19 September; 8 and 24 October; and 3 November. After the maximum diameter of each acorn was measured as an index of acorn size, it was dissected with a razor blade to determine gall induction.
Gall-Inducing Ability. In December 2005, Y.A. collected acorns from the foot of tree 1 and dissected them with a razor blade. Galls found within acorns were individually placed in glass vials in shade under Þeld conditions to obtain virgin female adults the following September. On 20 March 2006, 17 branches were randomly selected from tree 1, and each branch was covered with a polyester bag before bud burst. To examine the gall-inducing ability and the sex determination mechanism of the new gall wasp species, one virgin female adult emerging from the gall that had been collected in December 2005 was released in each of the 11 bags on 5 September 2006 for 5 d. Female wasps were not released in the remaining six bags. On 10 March 2007, all acorns in the 17 bags were brought to the laboratory. After the maximum diameter of each acorn was measured, they were dissected with a razor blade to determine whether galls were induced. Galls found in each acorn were placed on moistened cotton in a 50-ml plastic container. The containers were placed in the laboratory and examined every few days to record adult emergence. The adult wasps were sexed under a binocular stereomicroscope (model MZ12, Leica, Solms, Germany).
Taxonomy. The following morphological abbreviations are used: OOL, the ocular-ocellar line (the distance from the outer edge of a lateral ocellus to the compound eye); POL, the postocellar line (the distance between the inner edges of the two lateral ocelli); and LOL, the lateral ocellar line (the distance between the frontal and lateral ocelli). Morphological terminology mainly follows Richards (1977) , Ronquist and Nordlander (1989) , Ronquist (1994) , and Liljeblad et al. (2008) ; description of surface sculpture mainly follows Harris (1979) .
The external structure of dry-mounted wasp and gall specimens was studied with binocular stereomicroscopes (model SZ60, Olympus, Tokyo, Japan; model MZ12, Leica, Þtted with model DS-L1, Nikon, Tokyo, Japan), and the lengths of the forewing and hind tibia of 20 females and 20 males were measured using an ocular micrometer. Several specimens were gold-coated with a sputter coater and examined with a scanning electron microscope (model JSM-5600LV, JEOL, Tokyo, Japan). All 20 female and 20 male specimens examined are deposited in the Biosystematics Laboratory, Graduate School of Social and Cultural Studies, Kyushu University, Japan (BLKU).
Results
Phenology. Cumulative emergence of adults of the new gall wasp species is shown in Fig. 1 . In total, 80 female and 143 male adult wasps emerged between 20 August and 30 September 1999. The 50% emergence of female and male wasps all occurred on 29 August. No parasitoid wasps were found. The development of acorns on trees 1, 2, and 3 is shown in Figs. 2Ð 4, respectively. The acorns on all trees developed gradually from May to July and then rapidly from August to early October. In mid-October, they stopped development and began to fall to the ground in early November. Visible galls induced by the gall wasp were found for the Þrst time on 24 October. On 3 November, galls were found in two of the 21 acorns collected from tree 1, 13 of the 15 acorns from tree 2, and seven of the 11 acorns from tree 3.
Gall-Inducing Ability. From the 11 bags in which acorns had been exposed to female adults of the new gall-wasp species in September 2006, 42 acorns were obtained on 10 March 2007. Galls were found in 10 of the 42 acorns; the mean Ϯ SD number of galls per acorn was 7.5 Ϯ 5.3. The maximum diameter of acorns that contained galls was 11.0 Ϯ 0.8 mm and that of acorns without galls was 11.3 Ϯ 1.2 mm. There was no signiÞcant difference in the maximum diameter between the acorns with (n ϭ 10) and without (n ϭ 32) galls (two-tailed StudentÕs t-test: t ϭ 0.766, df ϭ 40, P ϭ 0.448). In total, 43 male wasps emerged from the galls in summer 2007 after rearing under laboratory conditions. From the remaining six bags in which acorns had not been exposed to female adults of the gall wasp, 22 acorns were obtained and none had galls in them.
Taxonomy
Synergus itoensis Abe, Ide et Wachi, sp. nov.
( Fig. 5) Holotype Female. Uniformly brown, except for yellowish antenna, frons, basal part of mandible, and legs.
Head pubescent, as broad as mesosoma in dorsal view; vertex punctuate; POL:OOL:LOL ϭ 2.3:1.6:1; frontal carina branched and faint close to lateral ocellus; antennal rim distinctly widened lateroventrally, distance between antennal rims 0.5 times distance between rim and inner edge of compound eye; facial strigae radiating from clypeus almost reaching compound eye. Antenna 14-segmented, relative lengths of ßagellomeres 1Ð12: 1.5, 1.3, 1.4, 1.5, 1.3, 1.3, 1.2, 1.1, 1.0, 1.0, 1.0, 1.5.
Mesosoma pubescent, but mesopleuron glabrous except for subalar triangle and lower portion with dense setae; pronotum rugose to punctuate, lateral pronotal carina present, submedial pronotal depression deep, open laterally; mesoscutum transversely rugose, notaulus complete with anterior pit, anteroadmedian and parapsidal signa indistinct, posterior margin of mesoscutum with median mesoscutal impression; mesopleuron strigate; scutellum reticulate rugose with two foveae at base; propodeal carinae parallel and distinct.
Marginal cell of forewing closed, 2.6 times as long as broad; setae on wing surface and along margin.
Tarsal claw with long subapical seta, apex of claw strongly bent, base expanded to a lobe.
Metasomal terga II and III fused, shiny and smooth with a few setae basolaterally and minute punctures posteriorly, each minute puncture bearing a very Þne seta; hypopygial spine slightly projecting, setae on hypopygial spine restricted to two submedian rows.
Length of forewing 2.38 mm and of hind tibia 0.71 mm. Gall. Irregular spherical swelling of seed coat in acorn, usually clustered (Fig. 6) . Gall induction distorts the shape of seed, but does not have a signiÞcant effect on the size of the acorn (see Gall-Inducing Ability).
Diagnosis. This new species falls into Synergus in a key to world genera of Synergini . S. itoensis induces galls in the seed coat of acorns on Q. (C.) glauca, but all other members of Synergus have been known as inquilines. S. itoensis is distinguishable from other Asian species of this genus by having incomplete frontal carinae on face. Frontal carinae are usually present in Synergus spp. , but the frontal carina of S. itoensis is branched and faint close to the lateral ocellus. Similar frontal carina is found in the European species S. clandestinus Eady. However, S. itoensis is distinguishable from S. clandestinus by the following two morphological characters: 1) Þrst ßagellomere of male is slightly curved and not swollen distally in S. clandestinus, but incised on outer margin and weakly swollen distally in S. itoensis; 2) Etymology. Named after the type locality, Ito Campus, Kyushu University.
Geographic Distribution. Japan (Honshu, Kyushu).
Discussion
Here, we describe the new acorn gall-inducing wasp S. itoensis from Japan. This new species is a member of the inquiline genus Synergus Hartig, 1840 (Synergini) in adult morphology, but the rearing experiment revealed that it induces galls in the acorn of Q. (C.) glauca and that gall induction distorts the seed but does not stunt the development of the acorn. Some members of Synergini had been presumed to be gall inducers (Hartig 1843 , Mayr 1881 , Gauss 1972 , but these presumptions were rejected (Wiebes-Rijks 1980 , Ronquist 1994 , Pujade-Villar et al. 2003 , van Noort et al. 2007 ). Therefore, gall-inducing ability was demonstrated in S. itoensis within this tribe for the Þrst time. Because acorn or nut gallers are rare among Cynipidae (Askew 1984 , Yukawa and Masuda 1996 , BufÞngton and Morita 2009 , galled portions of them have not been described in detail except for Dryocosmus rileypokei Morita et BufÞngton. D. rileypokei creates galls within the mesocarp wall of the nut of Chrysolepis sempervirens (Kellogg) (Buffington and Morita 2009), but S. itoensis induces galls within the seed coat of the host plant acorns (Fig. 6) . Because the offspring of virgin females was all male, S. itoensis most likely reproduces arrhenotokously. The results of Þeld observations indicate that S. itoensis is univoltine and that its adult emergence is well synchronized with the rapid growth of Q. (C.) glauca acorns during late summer.
The cynipid inquilines cannot induce galls from normal plant tissues, but they can modify the host gall tissue such that larval chambers similar to those of normal cynipid galls are formed around the developing larvae (Ronquist 1994 ). The major difference between the cynipid gall inducers and inquilines is the presence or absence of the ability to initiate galls. The ancestor of cynipid inquilines was thought to be the gall inducers related to the genus Diastrophus, which induce galls on Rubus bushes (Ronquist 1994) . Molecular data suggests that cynipid inquilines may have arisen from gall-inducing ancestors more than once (Nylander et al. 2004) . A recent molecular study suggests that morphology-based identiÞcation needs major revision at both genus and species levels in inquline oak gall wasps, whereas the monophyly for Synergus is supported (Á cs et al. 2010 ). There are two alternative hypotheses for the origin of a lineage of gall inducers, including S. itoensis. One hypothesis is that this lineage secondarily reverted from being inquilines back to being gall inducers. This phenomenon can be regarded as atavismÑthe appearance of ancestral characteristics in individual members of a species (Hall 1995) Ñin such a sense that the genetic information originally used in gall initiation has not been evolutionarily lost but lies quiescent within the genome of inquiline gall wasps. This hypothesis is consistent with the phylogenetic relationships in Cynipidae inferred by Ronquist (1994) . Acorns are similar to some galls induced by cynipid gall wasps on oak trees not only in appearance but also in the protein content of tissue (Schö nrogge et al. 2000) . The structure of S. itoensis galls is simple: the larval chamber occupies most of the gall (Fig. 6) . Inquiline gall wasps have lost gall initiation ability, but they can produce larval chambers and feed on gall tissues in host galls induced primarily by cynipids (Wiebes-Rijks and Shorthouse 1992, Ronquist 1994) . Consequently, the reappearance of gall-initiating ability in the lineage including S. itoensis might have easily occurred. The other hypothesis for the origin of this lineage is that it derived from gall-inducing ancestors before the inquiline ancestors of extant members of inquiline oak gall wasps. To consider in depth the occurrence of gall inducers in Synergini, further studies are necessary to clarify the phylogenetic position of S. itoensis in this tribe. Rearing experiments and long-term Þeld observations have not been conducted on many species of Synergini and the biology of most Synergini species is unknown. Hence, further investigations of the biology of Synergini could conceivably Þnd more gall inducers. For example, one European species, S. clandestinus, which had been suggested to be a gall inducer (Gauss 1972) , is assumed to be an inquiline oak gall wasp (Wiebes-Rijks 1980) . Because only the larval chambers of S. clandestinus are sometimes found in an acorn of Quercus robur L. without remains of other cynipids (see plate I-C in Wiebes-Rijks 1980), the biology of this wasp should be clariÞed carefully.
The adaptive nature of gall induction has been discussed (Price et al. 1987) . The three major hypotheses explaining the adaptive nature of gall morphology are 1) the nutrition hypothesis (galls provide enhanced nutrition over other feeding modes); 2) the microenvironmental hypothesis (gall tissues act to protect the galler from unfavorable abiotic conditions, particularly desiccation); and 3) the enemy hypothesis (galls protect gallers from attack by natural enemies) (Stone and Schö nrogge 2003) . As reviewed by BufÞngton and Morita (2009), acorn or nut gallers generally have three advantages related to the above-mentioned three hypotheses and one disadvantage: eating by vertebrates. This could be true for S. itoensis : Þrst, the nutrient-rich Q. (C.) glauca acorn provides S. itoensis with nutrition (the nutrition hypothesis); second, its hard pericarp protects S. itoensis from moisture loss (the microenvironmental hypothesis); and third, it protects against parasitoid attack (the enemy hypothesis). Actually, we have not found parasitoids attacking S. itoensis to date, suggesting that galls induced by S. itoensis might be an enemy-free space. As pointed out by Ronquist and Liljeblad (2001) , cryptic galls without associated external modiÞcations of the host plant may result in reduced parasitoid attack. However, acorns are an important food source for many vertebrates (BufÞngton and Morita 2009). Synergus itoensis does not stunt acorn development, and Q. (C.) glauca acorns containing S. itoensis abscise from the host tree and fall to the ground, as do healthy acorns. Thus, Q. (C.) glauca acorns galled by S. itoensis may be eaten by vertebrates along with healthy acorns. The adaptive signiÞcance of gall induction in acorns for S. itoensis is a subject of future investigation.
Of the cynipid gall wasps, two species of Plagiotrochus are known to be gall inducers on evergreen oaks of the Asian subgenus Cyclobalanopsis . Two species of Andricus have previously been described as gall inducers on Cyclobalanopsis in Japan (Shinji 1940 (Shinji , 1941 , but closer examination of their gall features suggests that these species are in fact inquiline gall wasps that have been erroneously assigned to the gall-inducing wasps of the Cynipini (Yukawa and Masuda 1996) . Thus, S. itoensis is the third known gall inducer of Cynipidae on Cyclobalanposis. As indicated by Abe et al. (2007) , potentially diverse cynipid fauna associated with Cyclobalanopsis probably exist in Asia.
